A hierarchy of reversible protein phosphorylation, networked in tightly regulated feedback loops, fundamentally drives progression through the cell cycle by mediating cyclin-dependent kinase (Cdk) oscillations. The particular constellation of Cdk's is sufficient to define a cell cycle phase. For example, phase G 1 (gap 1 phase) may be viewed as a period of overall low Cdk activity, whereas entry into S phase (the DNA replication phase) and mitosis reflects high Cdk activity. Accordingly, cells orchestrate multiple levels of regulation to precisely govern the activities of Cdk's and the duration of their signaling. In addition to transcriptional and posttranslational regulatory mechanisms, Cdk activity is controlled both directly and indirectly by ubiquitin (Ub)-mediated proteolysis (1, 2) . A transition from one phase to another can consequently be viewed as a change in proteolytic activity. Intrinsic to this idea of proteolytically driven cell cycle regulation are the following requirements: (i) Proteolysis must have a role in the maintenance of phase characteristics, and (ii) changes in proteolytic activity, its targets, or both can mediate cell cycle phase transitions. The recent findings of Bashir et al. (3) and Wei et al. (4) regarding the regulation of mammalian G 1 phase of the cell cycle reveal a proteolysis-based mechanism that maintains G 1 stability in the face of the continued presence and expression of genes encoding factors that promote S phase. Furthermore, when combined with previously known positive feedback loops driving entry into S phase, their findings support the view that G 1 and S phases may form a bi-stable system regulated by proteolytically driven mechanisms (5, 6) . Establishment of this bi-stable system sets the foundation for how changes in proteolysis may favor a switch-like progression from G 1 to S phase.
An ever-increasing number of cell cycle events are now appreciated to be representative of bi-stable switch systems, including the ultimately stable states of phases G 1 and S. Each is maintained by a positive feedback loop (or double negative feedback loop) to promote and establish its character (7) . Additionally, amplification or cooperativity within the feedback circuit helps to efficiently create each state as a discrete entity from the other, and so the transition between the two states encompasses a switch-like character because of the impossibility of sustaining stable intermediate activity. The end result is thus a binary output, or an all-or-none response. The irreversibility of the transition requires some degree of hysteresis in the system, defined as the difficulty to re-flip the system back to its original state rather than maintaining the flipped state (8, 9) . Often this is modeled as a discontinuous or dissimilar transition from state 1 to state 2 as compared to its reversal. In the cases of G 1 and S phase, establishment of hysteresis may lie in the use of Ub-mediated proteolysis to maintain each phase; as such, targeted proteolysis is both precise and irreversible. Ub-mediated proteolysis begins through an enzymatic cascade involving E1 Ub-activating enzymes, E2 Ub-conjugating enzymes, and E3 Ub-ligase enzymes. These enzymes ultimately serve to mediate the covalent attachment of Ub molecules by the E3 ligase to a lysine residue in the target substrate, or on the growing multi-Ub chain extending from the "tagged" protein [reviewed in (10) ]. This Ub chain serves as a signal for the 26S proteasome to unfold and digest the target. Most of the target selectivity of this system is conferred by the E3 ligase because of its direct interaction with the ubiquitination substrate. The two most prominent E3 ligases in cell cycle control are the anaphase-promoting complex [(APC); also known as the cyclosome (APC/C)] and the SCF (Skp1, Cullin, F-box) complexes. The APC core consists of ~12 subunits and is regulated by two activating subunits: Cdc20 (also known as Fizzy) and Cdh1 (also known as Hct1 or Fizzy-related) [reviewed in (11) (12) (13) ]. These activating subunits each confer differential substrate selectivity to APC. Moreover, each associates with the APC core under different circumstances: Cdc20 is more likely to associate with the APC core under conditions of high Cdk activity, and Cdh1 is more likely to activate the APC core under conditions of low Cdk activity. Comparatively, the SCF E3 ligase comprises three subunits at its core; Skp1, Cullin, and Rbx1. This core interacts with modular F-box proteins, which all share an F-box sequence motif [reviewed in (14, 15) ]. F-box proteins directly bind to the target substrate and bridge the interaction between the E3 ligase and target substrate, and so the identity of the F box determines the target of SCF. There are various F-box proteins, including subfamilies with WD40 domains (Fbw's) and those with leucine-rich-repeats (Fbl's). F-box proteins frequently recognize their substrates through phosphorylation-dependent mechanisms. In the case of Fbw's, the WD40 motif recognizes a phosphodegron domain on the substrate that forms after appropriate phosphorylation events.
The revelation that E3 ligases play a role in G 1 maintenance (G 1 is characterized by low Cdk activity) was first seen in budding yeast (16) , where APC Cdh1 promotes the degradation of the B-type cyclins, Cdc20, and Cdc5 [ (17, 18) , reviewed in (12) ]. Each of these proteins is required to push cells through mitosis, but once the transition is completed, their levels need to be reduced in order to efficiently pass through telophase and enter a G 1 state characterized by low Cdk activity.
Recent findings unveil another specific role for APC Cdh1 activity in the maintenance of G 1 phase in human somatic cells (3, 4) . Several mechanisms conspire to keep Cdk activity low during G 1 phase in mammalian cells, but a critical mechanism involves the inhibition of Cdk's by inhibitors of the p27 class. These inhibitors bind to cyclin and Cdk complexes (cyclin/Cdk), such as cyclin E/Cdk2, and block phosphorylation of proteins that promote S phase (19) . Degradation of p27 by the Ub-proteasome pathway is required for proper entry into S phase, and this occurs by SCF Skp2 recognition of a p27 form that is phosphorylated on Thr 187 (20) (21) (22) . Skp2 is aided in this process by Cks1, a protein that simultaneously interacts with both Skp2 and with the Cdk2/cyclin E/p27 complex (23, 24) . Controlling Skp2 activity is clearly important for proper cell cycle control. SKP2 can function as an oncogene in model systems and is overexpressed in a number of tumor types [reviewed in (25) ]. Additionally, SCF Skp2 has a direct role in the firing of replication origins (26, 27) . Now, new work has indicated a mechanism by which G 1 cells maintain low levels of SCF Skp2 , thereby putting a break on S-phase entry until the criteria for Sphase entry have been met (Fig. 1) 
These studies reveal a circuit that can stabilize the G 1 state through the down-regulation of S-phase-promoting factors by an indirect proteolytic mechanism dependent on APC Cdh1 . In some ways, this G 1 maintenance is analogous to traffic pausing at a red light. The cars (S-phase-promoting feedback loops) remain stopped at the intersection, ready to advance when the light changes, and they are being regulated by break pads (protein degradation) that cause them to wait until the time of the transition. Consequently, this process creates the G 1 (gap 1) phase.
What is responsible for conversion of the G 1 state to the Sphase state? Moreover, once initiated, how is the S-phase state maintained, so that cells do not reverse direction and end up back in G 1 ? The answers to these questions are not fully known, because we understand relatively little about specif ic mechanisms. Moreover, it is possible that several mechanisms contribute to the bi-stable switch. Although the bulk of p27 is destroyed by SCF Skp2 -mediated degradation during S phase, previous work has suggested that a small fraction of p27 is relocalized to the cytoplasm during G 1 (28, 29) . This process appears to reflect two distinct kinase pathways, one involving phosphorylation of Thr 187 by Akt and a second involving phosphorylation of Ser 10 by hKIS (human kinase interacting with stathmin) (30, 31) . Presumably, phosphorylation of cytoplasmic p27 by Akt leads to its retention in the cytoplasm, whereas hKIS phosphorylates p27 in the nucleus, which leads to its export. This process appears to lead to activation of a small pool of nuclear Cdk's that could then initiate the signaling cascade that leads to inactivation of Cdh1; in essence, a negative feedback loop. Induction of Cdk activity generates at least two mechanisms for Cdh1 inactivation. First, Cdk-mediated E2F activation leads to increased expression of the gene encoding Emi1, an inhibitor of APC Cdh1 (Fig. 2) . Second, E2F also stimulates expression of the gene encoding cyclin A, which in combination with Cdk2 is responsible for phosphorylation of Cdh1 and inactivation of its ability to bind to APC (32) . Because hKIS, Akt, or both are sensitive to the nutrient and growth fac-tor status of the cell, these components may be the critical sensors that determine when a cell will begin to convert from a G 1 state to an S-phase state. The ability of Cdk2 to activate bulk p27 turnover thereby enforces the positive feedback loop leading to E2F activation, while simultaneously setting the stage for negative feedback to inactivate Cdh1 through phosphorylation and direct inhibition by Emi1. It is additionally possible that in G 1 a small amount of Emi1 is present (32) , which may regulate Cdh1 before the E2F-mediated increase in Emi1 abundance at the G 1 -to-S transition.
The abundance of Emi1, itself an F-box protein (Fbx5), is also subject to control by the Ub pathway. Emi1 functions to inhibit both APC Cdc20 and APC Cdh1 from early S phase to prometaphase, at which time Emi1 is degraded by SCF β-TRCP , Feedback loops that are regulated by E3 ligase activity maintain bi-stability between G 1 and S phases. In G 1 , APC Cdh1 promotes stabilization of p27, which inhibits S-phase-promoting factors E2F and cyclin E/Cdk2 through the activity of the Rb repressor protein. The predominance of Cdc14 phosphatase activity over cyclin B/Cdk1 activity favors formation of the APC Cdh1 complex instead of the APC Cdc20 complex in G 1 . After an initial trigger signaling the completion of G 1 , S-phase entry is reinforced by Emi1 and cyclin A/Cdk2, which prevent APC Cdh1 degradation of the SCF Skp2 /Cks1 complex. Upon stabilization of SCF Skp2 /Cks1 activity, S-phase-promoting factors are activated (cyclin E/Cdk2, E2F, cyclin A/Cdk2, and Emi1). Proteins whose activities are high at each phase are shown in green; proteins whose activities are low are shown in gray.
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thus allowing APC activation (33, 34) . The trigger for Emi1 destruction is polo kinase (Plk1) phosphorylation to generate a phosphodegron that is recognized by SCF β-TRCP , although phosphorylation by cyclin B/Cdk1 may also play a supporting role (35, 36) . In mammalian cells, increasing Emi1 overcomes a Cdh1-imposed G 1 block, leading to S-phase entry, analogous to that seen upon knockdown of Cdh1 (32) . Likewise, in Drosophila, overexpression of the Emi1 ortholog Rca1 in G 1 causes precocious cyclin A/Cdk2 activation (37), which leads to premature S phase. The ability of Emi1 to function in this manner probably reflects the absence of Plk1 and cyclin B/Cdk1 during G 1 , which themselves are degraded by APC Cdh1 as cells exit mitosis (18, 38, 39) .
Although Ub-mediated degradation can be used to maintain a particular cell cycle state such as G 1 , there are also cases in which degradation serves as part of a feedback loop to promote a phase transition. In this instance, initiation of the phase transition provides signals that lead to the destruction of proteins that normally block the transition (for example, destruction of bulk p27 by SCF Skp2 -mediated degradation during G 1 -to-S phase). Recent papers describe how this type of mechanism controls the somatic mammalian G 2 -to-M transition, as well as the coupling of the morphogenetic pathway to mitosis in budding yeast (40, 41) . In mammalian cells, entry into mitosis is controlled by activation of Cdk1/cyclin B. In G 2 , Cdk1 is held in an inactive form by Wee1-and Myt1-mediated phosphorylation of Cdk1 on Thr 14 and Tyr 15 (42, 43) . In response to appropriate signals, including activation of Plk1, the Cdc25 phosphatases are activated, leading to dephosphorylation and activation of Cdk1 (44) . In order to maintain the "on" state and propel cells into mitosis, a negative feedback loop exists to extinguish the activity of Wee1 and Myt1 (45) . Although it has been known that Wee1 activity is blocked by phosphorylation and degradation, precisely how this is coupled to Cdk1 activation and mitotic entry was unknown. New work now reveals that degradation of Wee1 occurs through the SCF β-TRCP -Ub ligase pathway (40) . Interestingly, rapid Wee1 ubiquitination depends on dual phosphorylation mechanisms involving Plk1 and Cdk1. Each of these kinases phosphorylates Wee1 to generate unconventional phosphodegrons that bind β-transducin repeat-containing protein (β-TRCP), but both kinase activities are required for maximal rates of Wee1 ubiquitination in vitro and turnover in vivo. This provides clear evidence that Cdk1 activation is coupled to a regulatory feedback loop to degrade its inhibitor Wee1. A parallel situation exists for the budding yeast homolog Swe1, but the details of the mechanism employed are distinct. During S phase, Swe1 becomes sequentially phosphorylated and is degraded (46, 47) . However, in response to defects in septin filament assembly at the bud neck, Swe1 is dephosphorylated and stabilized and inhibits Cdk1 (Cdc28) activity, thereby blocking mitotic entry (46) . As a result of this block, cells fail to convert polarized growth to isotropic growth, giving rise to highly elongated buds. Now recent work suggests that a dual kinase mechanism is also required for Swe1 degradation upon appropriate septin filament assembly (42) . Like Wee1, Swe1 degradation requires the polo kinase Cdc5, but unlike Wee1, the p21-activated kinase Cla4 provides the initial signal that facilitates Cdc5-dependent phosphorylation. Precisely how these events are controlled is not clear, but localization of Cdc5 at the bud neck appears to be critical for Swe1 degradation, because Cdc5 mutants defective in bud neck localization failed to properly degrade Swe1. The Ub ligase for Swe1 is currently undefined, but given the role of SCF in controlling phosphorylation-dependent protein destruction, it is conceivable that SCF is involved. Regardless, these studies emphasize the extent to which multiple phosphorylation-driven events conspire to control critical cell cycle transitions.
The past several years have revealed many instances in which phosphorylation drives the turnover of critical signaling molecules through the SCF-Ub ligase pathway. Current efforts seek to build on these fundamental pathways to understand how individual turnover pathways are integrated into larger networks, forming both positive and negative feedback loops. Two major trends are emerging. First, there are now many instances in which multiple kinase signaling pathways converge on a particular substrate to generate a phosphodegron responsible for mediating turnover of a particular protein by the SCF pathway. Examples include β-catenin, Emi1, Wee1, c-Myc, and Cdc25A (35, 40, (48) (49) (50) (51) . Presumably, the use of multiple inputs reflects the fact that multiple independent processes are being simultaneously monitored, thereby allowing the timing of dependent events to be tightly controlled. Second, there are clear indications that Ub ligase components themselves are regulated by protein turnover. It has been known for some time that F-box proteins are themselves subject to turnover by distinct Ub ligases through autocatalytic mechanisms (52) , but it is becoming clear that regulated proteolysis of E3 ligases provides a critical underpinning for controlling cell cycle transitions and maintaining particular cell cycle phases. These protein kinase and proteolysis circuits are likely to provide fodder for systems biologists for years to come.
